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Abstract 
r 
A study of the problem of intergranular heat-affected zone crack-
ing of stress relieved pressure vessel steels has suggested that such 
failures may be stress-rupture tracture·s. To d.eterrnine the nature and 
origin of this cracking a thorough investigation of the stress-rupture 
properties. of low alloy pressure vessel steels has been initiated at 
Lehigh University under the sponsorship of the Pressure Vessel Research 
Connnittee, Fabrication Division. 
A number of commonly used pressure vessel steels were selected 
for this investigation. The conventional dead load rupture test was 
used to determine the rupture properties of these materials. To 
determine the·rupture properties of welded steels, a composite weld 
specimen was designed and tested. The properties of the composite 
were then compared with those of the base plate. 
The results of Y1is investigation show that those steels which 
are most sensitive to low temperature creep embrittlement {pronounced 
loss of rupture ductility and failure by void formation and intergranu-
lar crack propagation) tended to be embrittled and to fail preferentially 
I in the coarse grain heat-affected zone of the weld. This weld zone 
failure occurs over a well defined range of rupture life and testing 
temperature and is characterized by very low final elongation. Out-
side of the embrittlement range failure was by ductile rupture in the 
base plate. lsoduc t.-i lity plots and aging curves indicate that this is 
a time and temperature related phenomenon possibly associated with an 
overall strengthening of the tempered. martens ite matrix. Weakening o·f 
,:,,.,. 
the austenite grain boundaries during the welding operation intensifies 
' ~ 
the effects of this embrittlement. However, no visible precipitate wa~ 
·1 •••. 
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observed in these steels by optical microscopy which could account for 
the loss of ductility. Steels susceptible to creep embrittlement and 
weld zone failure are those containing nickel and to a lesser extent 
molybdenum. Chromium appearE to reduce the embrittlement. 
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Introduction 
. . "' The phenomenon of creep in metals is one which has been extensively 
investigated in recent years. Studies performed on pure metals have 
provided us with reasonably good working models of the mechanisms of 
high temperature deformation and fracture. Very rarely, however, a1re 
pure metals used for applications where good creep resistance is important. 
Conunercial creep resisting materials are complex alloys which utilize one 
or more alloy strengthening mechanisms. Much less is known about the 
processes of deformation and fracture in these alloys due to the in-
herent difficulties involved in studying them. 
The very first studies of the phenomenon of creep revealed that 
-
,, ·,. 
,.. 
metals undergo a marked change of fracture mechanism at a temperature 
(1,2) 
• 
roughly 0.5 to 0.6 of the melting point 
• Below this temperature, 
arbitrarily defined as the equicohesive temperature, fracture occurs 
by shear or cleavage. Above the equicohesive temperature the rupture 
mode is generally intercrystalline. In martensitic steels this type 
of.rupture is characterized by cracking about the prior austenite grain 
I, boundaries. This behavior irnplys that although the grain boundarie~ 
act as a source of strengthening at low temperatures, above the equi-
cohesive temperature they become weaker than the grains and may act as 
the site of fracture initiation. The transcrystalline rupture ductility 
may vary widely depending on the material stud~ed and the deformation 
conditions, but intercrystalline failure in steels is nearly always 
associated with extremely low ductility. 
(3) 
The earliest workers in this field ~ttributed the observed 
rupture behavior to a progressive weakening of the amo:r;phous· "grain 
boundary cem~nt" with rising temperature. 
('·· i 
\1 
.. . ... ....... ·~···-~ ... r·y- .. , . 
While this theory is no 
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longer given serious consideration; the grain boundaries are a disruption 
of the order in adjoining grains and are thus high energy regions. At 
high temperatures the boundaries act as traps for impurity atoms and 
vacancies present in the metal. The effect of a concentration of 
impurities at the grain boundaries is qui~e complex and probably varies 
considerably among alloy systems. That impurity concentration does 
adversely affect the boundary strength is shown by work performed on 
(4) 
ultra-pure aluminum where it was found that the degree of grain 
boundary weakening and tendency to intercrystalline fracture increases 
directly with impurity content. Although the exact mechanism of grain 
boundary rupture has not yet been clearly demonstrated, it appears that 
grain boundary morphology and plast~c acconnnodation within the grains 
are impq~~ant to the process of void formation by grain boundary sliding 
and crack propagation to rupture. Cracks and voids form along grain 
boundaries perpendicular to the applied tensile stress and spread rapid-
ly along the boundaries during the third stage of creep. Relatively 
little plastic flow of the grains themselves is associated with this 
type of rupture, giving the fracture surface a characteristic faceted 
/ 
appearance. The effect of precipitates at the grain boundary on this(~ 
type of fracture is not clearly established. It is likely, however, 
that large precipitates would reduce grain sliding but could act as 
nuclei for void formation. 
From the behavior of other met-als one would expect an equicohesive 
. 
temperature of 1200°F to 1400°F in conunercial low alloy steels. In 
reality, however, intercrystalline rupture is observed far below the 
predicted temperature, while other steels.never show a pronounced inter-
!! 
• 
-., 
V 
,_. i·" 5 
granular rupture at any temperature. That steels with roughly comparable 
microstructures and alloy contents should show such striking variations 
of rupture behavior indicates that the process of creep rupture is indeed 
·C:--..,"' complex. Furthermore, some steels are subject to recovery of ductility 
.. 
and more rarely a return to transcrystalline fracture at high temperatures. 
The occurrence of recovery cannot be satisfactorily explained by grain 
boundary impurity segregation. If such segregation were soley responsible 
for the observed embrittlement in certain steels, one would expect inter-
granular cracking to become more severe and ductility to decline; but, in 
fact, the opposite behavior is encountered. In light of the accepted 
(6,7,8) 
models of creep deformation and rupture, many investiga.tors now 
regard the apparent embrittlement as stennning from the action of one or 
more time and temperature dependent strengthening nft={chat;tisms within the 
matrix material which temporarily or permanently increase the strength 
of the grains relative to that of the grain boundaries thereby preventing 
plastic accommodation across the boundaries. 
Although no attempt has been made to determine the susceptibility 
of all low ailoy steels to low temperature intergranular creep fracture, 
a cursory survey of the steels frequently used for elevated temperature 
. • (9,10,11,12) 
applications reveals the following rupture patterns • Plain 
carbon steels are quite ductile over a wide range of rupture time and 
temperature but begin to show embrittlement above 1100°F. Plain molybde-
num steels embrittle within a few hundred hours between 900°F and 1000°F 
but tend to recover quickly. Above 1100°F this e~brittlement is much 
less severe. Addition of chromium to molybdenum steels reduces the 
amount of short time embrittlement. High chromium (above two percent) 
steels def not suffer from this form of embrittlement for considerable 
/ 
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rupture lives below 1400°F. It is difficult to as~ess the direct effect ~ 
. --- ---~ ......... 
of other alloying elements on the rupture behavior of low alloy steels 
since they are rarely used alone. It is clear, however, that fairly 
small amounts of nickel, vanadium, tungsten, copper, and columbium have 
a pronounced effect on the rupture ductility. Vanadiun, for example, 
when added to chromium-molybdenum steel, produces embrittlement within 
a few hours at 1000°F and in long time testing as low as 800°F. Further 
the embrittlement is much more severe. The addition of less than one per 
cent vanadium, for instance, reduces the percent reduction of area of a 
chromium-molybdenum steel from 80% to 5% at 1000°F for similar rupture 
lives. Although recovery is not as pronounced in the complex alloy 
steels as it is in the plain molybdenum steels, it does become signifi-
cant as spheroidization progresses. A gradual increase in ductility and 
occasionally a return to transgranular rupture is characteristic of these 
recovered steels. , 
Due to the complexity of the tempering reactions in low alloy steels, 
the specific embrittlement mechanism has not been determined. The pattern 
of embrittlement, however, suggests some form of sub-microscopic precipita-
tion of metastable alloy phases from solid solution which reduces the 
plas~icity of the grains and contributes to a transfer of rupture to the 
grain boundaries. 
The existance of poor rupture ducfllity associated with intergranular 
rupture in certain low alloy steels has been recognized for many years 
and, in general, designers simply avoid specifying these materials for 
use in the embrittlement regio~ Many of these materials are welded and 
subsequently stress relieved for use at moderate temperatures and stresses. 
It has been found that certain pressure vessels fabricated by welding 
•• 
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exhibit a particularly severe form of embrittlement in the coarse 
grained heat-affected zone upon stress relief. ' Since the weld is 
subject only to residual welding stresses and to the weight of the 
vessel itself, it is important that the nature of this embrittlement 
.be thoroughly understood in order that such failure may be avoided. 
The present investigation was undertaken to determine the rupture 
behavior of a number of quenched and tempered steels in both the 
welded and unwelded conditions. 
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Experimental Procedure 
Materials 
The steels investigated were A212 grade B, A203, A387 grade B, 
A387 grade D, USS "T-1", USS "T-lA", and Armco "SSS-100". The chemical 
analyses of these steels and their respective thermal treatments are 
listed in Table 1. All steels were tested in the quenched and tempered 
or as welded condition. Those steels not listed as "m.ill treated" 
were spray quenched from the austenitizing temperature at Lehigh in a 
special quench apparatus. The plates quenched were 9" by t2" and were 
either 3/4" or 1" thick. Tempering was at the temperatures in connnon 
use for these. steels. 
Specimen Preparation 
Specimens used for testing of the base plate material were cut 
directly from the tempered plates. The longitudinal axis of the speci-
men was chosen to coincide with the rolling direction of the plates. 
The s,pe9imen geometry is shown in Figure lA. The buttonhead specimen 
wa~:lected over the conventional threaded specimen to minimize mis-
alignment during loading and to eliminate severe notches. 
Composite welded specimens were prepared from plates grooved on 
~ 
both sides to.contain the single pass weld bead. The depth of the 
g_roove and the penetration of the weld zone were closely controlled in 
order to obtain portions of two weld zones as well as some base plate 
within the 0.250 inch reduced section of the specimen. The specimens 
were cut perpendicular to the weld bead with the specimen axis parallel . 
to the rolling direction of the plate. All welding was performed on a 
stick electrode welder using 35 volts, 270 amps. and a travel speed of 
10 inches per minute. Initially specimens were prepared with a single 
.. 
~·_tos_, .. .,._--. 
, .. -.· 
) 
\ I , 
9 
weld of A632 weld metal. Later it was decided to use specimens with 
.. ··: 
double or synnnetrical weld zones. The geometry of the doubly weld'ed 
specimens is shown in Figure lB. All materials subsequently prepared 
with the exception of A212 steel were welded with El1018 electrode. 
E7016 electrode was used for A212 steel since this weld metal more 
nearly matches the strength of the base plate. 
Testing Procedure 
Two types of stress rupture testing equipment were used for this 
q investigation. The design and operation of four of the eight stands 
(13) 
available have been described previously by Robinson • A second 
set of four stands subsequently placed in operation is shown in Figure 
2. These stands have· a mechanical advantage of 9:1 and a~e capable of 
applying stresses in excess of 100,000 psi on the 1/4" diameter test 
~I':-
• specimens. 
The temperature was maintained by resistance furnaces and could be 
.,r 
controlled to+ 2°F over long periods of time providing that there were 
no large variations of the ambient temperature. By adjustment of 
rheostats connected to the furnace windings, it was··possible to control 
the temperature variation along the gage length of the specimen to with-
in + 1 °F. 
-
Elongation of the specimen during testing was directly 
measured by means of a rotating drum recorder. A comparison of elonga-
tion measured on the specimen and that measured on the drum agreed with-
in the limits of experimental error. A correction factor of 0.75 was 
determined by Robinson for the original stands and was used for all sub-
sequent data obtained on these stands. 
Generally about two hours were required for the specimens to attain 
the testing temperature. The.y were held at this. temperature for about· -· 
1· , .
. ' -
• 
• 
24 hours· before the load was applied. The specimens were loaded 
gradually over a~peri.od of about one minute. This was possible as 
10 
the descent of the lever arm during loading was retarded by a support-
ing rod and dashpot arrangement. During testing the temperature was 
I 
checked every few days with a potentiometer. Upon rupture a switch was 
automatically tripped which shutoff current to the furnace allowing the 
specimen to cool down. After fracture the final elongation within the 
gage length and the diameter at the point of failure were measured. 
Metallographic Studies 
Representative samples of both the welded and unwelded material 
were cut from the fractured specimens of each steel. These specimens 
• 
were mounted in bakelite, polished, etched, and studied under the 
optical microscope. In particular, the fracture surface, presence or 
absence of secondary cracking, microstructure of the matrix and the 
appearance of the weld zone were noted. Photomicrographs of representa-
tive specimens were prepared to support the proposed fracture mechanisms . 
. .. ; 
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A212 Grade B 
Presentation of Results 
I 
ll 
The results of stress-rupture tests performed on A212 grade B steel 
are tabulated in Table II. The stress rupture data for this material 
are plotted in Figure 3. It may be seen that the rupture strength of 
the welded composite closely matches that of the base plate at all test-
ing temperatures. The rupture ductility of the unwelded steel has been. 
' plotted in the form of an isoductility plot in Figure 4. This form of 
graphic presentation of ductility data is used throughout this thesis. 
Selection of percent reduction of area as the measure of creep ductility 
in these figures is ba.s__ed on the fact that the reduction of area is the 
best criterion for determining the ductility of the steel at the moment 
of fracture. Unfortunately, it was not possible to accurately measure 
-t... 
the specimen diameter at the point of fracture in a majority of the 
welded specimens. For this reason percent elongation over a one inch 
gage length has been chosen as the measure of ductility in the welded 
composite. It may be seen that the ductility of A212 is quite good and 
appears to increase as the temperature of testing and rupture life in-
t~ .. --. 
.. 
crease. This relation is further illustrated in Figure 5 \vhich is a 
\ 
plot of ductility as a function of rupture life. Figure 5 shows no 
noticeable trends in ductility for rupture lives of up to 4000 hours. 
Rupture behavior of the welded material is similar although the ductility 
is not quite as good as that of unwelded A212. All welded specimens 
failed in a ductile manner in the base plate with no observed secondary 
cracking in the weld zone. The isoductility plot of welded A212 is 
presented in Figure 6. 
'I 
·"'' 
·' 
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Microscopic examination of A212 steel reveals that the structure is 
initially a mixture of acicular ferrite and pearlite. This steel is 
structurally unstable and rapidly spheroidizes at 1000°F. Fractured 
specimens undergo considerable plastic flow especially in the region 
adjacent to the fracture surface. 
"T- lA" 
Stress-rupture data for "T-lA" steel are presented in Table III and 
? plotted in Figure 7. It may be seen that the rupture strength of this 
steel is considerably greater than that of A212 but that the slope of .. 
the rupture curves is much greater than those of the plain carbon steel. 
The rupture ductility of unwelded "T-lA" is presented in Figures 8 
and 9. The rupture ductility is initially guite good but at 900°F and 
1000°F it declines somewhat after a few hours of testing. At 1000°F 
/' 
the ductility drops from a high of 86% to a low of 56% at 400 hours . 
.• At longer testing times, however, the ductility again increases. No 
such dip in ductility is noted at 1100°F. The ductility at this tempera-
ture is very good arrlimproves steadily with increasing rupture life. 
"T-lA"steel was not tested in the welded condition. 
The microstructure of "T-lA" was observed to be tempered martensite 
at all temperatures tested. All specimens showed a considerable degree 
of plastic flow near the fracture surface with transgranular rupture 
being the primary fracture mode in all cases. 
A387 Grade B 
The stress-rupture data for A387B are presented in Table IV and 
Figure 10. The rupture strength of this material is better than that 
of either A212 or "T-lA". Creep does not appear to be significant in 
L> 
' . 
' 
··" ,-~· 
.. 
13 
this steel below 900°F. It may be seen that the rupture curves of 
A387B show one or more changes of slope. These "curve breaks" become 
•·' 
especially apparent at 1000°F and 1100°F and make large scale extrapola-
, tions of short time rupture data quite inaccurate. Results of tests on 
composite welded specimens indicate that there is no loss of rupture 
strength in the weld zone. 
,, 
An iso ductility plot of unwelded A387B is presented in Figure 11. 
These data are also plotted graphically'in Figure 12. At 900°F the 
ductility which is reasonably good for rupture times less than 1000 
hours, shows a pronounced drop thereafter. This same behavior is 
observed at 1000°F although the ductility drop occurs at much $horter 
rupture times. Loss of ductility in this steel is associated with a 
-disappearance of the "cup-cone"-typ~ of fracture surface. A ductility 
minimum was noted at 1000 hours where a reduction· of area of 27% was 
' recorded. As the iupture life increased beyond this point, the ductility 
improved indicating the initiation of some type of recovery mechanism. 
Testing at 1100°F revealed that the time required to produce the ductility 
minimum and for recovery to occur was shortened substantially. At this 
temperature, however, the overall ductility was much superior to that at 
lower temperatures, the minimum being 66%. In addition, long time test-
ing at 1100°F resulted in a considerable degree of surface oxidation. 
An isoductility plot of the welded material is shown in Figure 13. At 
900°F and 1100°F the welded specimens failed in a ductile manner in the 
base plate. _t\t 1000°F it was found, however, that specimens failing with 
rupture lives greater than about 50 hours exhibited well defined weld 
zone rupture. Although it was difficult to pinpoint the exact point of 
,., 
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fracture initiation, the failure crack generally appeared to run through 
the weld metal and perpendicular to the surface of the specimen. Crack-
ing in the heat-affected zone was observed in association with the prim-
ary or failure crack. Those specimens which cracked in the weld zone 
had a reduction of rupture ductility. The approximate zone of weld fail-
ure is shown in the cross-hatched region of the isoductility diagram 
(Figure 11). It may be seen that this region corresponds roughly to the 
low ductility region of the base plate diagram. 
Microscopic examination of A387B shows that below 1100°F the structure 
l.., 
is entirely tempered martensite with well defined prior austenite grain 
boundaries. Those specimens subject to ductile rupture exhibited a 
considerable degree of plastic flow and grain_elongation especially in 
the region adjacent to the fracture surface. The structure of specimens 
failing with low ductility was not noticeably different from that of the 
ductile material with the exception that much less grain distortion took 
place. The microstructure revealed that in this steel recovery is co-
incident with or initiated by the onset of spheroidization. At 1100°F 
spheroidization was well advanced and plastic flow near the fracture 
surface was prominent. It was also observed that a degree of grain 
boundary oxidation was present on the exposed surfaces of the specimens. 
Examination of lvelded specimens subject to weld zone failure showed 
that failure occurred by weld metal cracking, but that associated with 
the primary crack were a number of smaller cracks in the coarse-grained 
heat-affected zone. These cracks roughly followed the prior austenite 
grain boundaries and, in some instances, appeared to be interconnecting. 
~In one case, the failure crack originated in the heat-affected zone, it-
' 
,., 
I) 
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self. No plastic flow of the metal could be detected in any of the 
weld zone failures. 
"SSS-100" 
Stress rupture data for "SSS-100" steel are tabulated in Table V 
and are graphically presented in Figure 14. Although this steel was 
' • I 
, .. ,,,, ·-. 
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given an oil quench from the austenitizing te~perature, it was found that 
. 
at 900°F and 1000°F the rupture strength is about equal to that of spray 
quenched A387B. At higher temperatures the rupture strength is greater 
than that of A387B especially at longer rupture times. The open circles 
on the stress rupture plot representing the composite welded material, 
show that at 900°F and 1000°F welding does not affect the rupture strength. 
\ 
At 1100°F, however, some reduction of rupture strength in the weld zone 
is apparent. At 1200°F a return to base plate rupture and a rec9very of 
rupture strength was noted. 
The isoductility plot of "SSS-100" (Figure 15), reveals no ductility 
minimum such as was observed for A387a At 800°F and 900°F, the rupture 
4uctility remains quite good for rupture lives as great as 10,000 hours. 
Some loss of ductility is observed at longer times at 1000°F and 1100°F, 
however. The lowest value being 48% reduction of area at 1000°F. It 
may be seen that, in general, the short time rupture ductility increases 
substantially as the temperature is raised, reaching a high of 93% at 
1200°F. The ductility flas also been plotted graphically as a function 
{ 
of time and is_ presented in Figure 16. From this plot, it appears that 
at long testing times there may be a large scale loss of ductility but 
additional testing \vould have to be do~e to confirm this trend. An iso-
ductility plot of the welded composite is presented in Figure 17. The 
cross-hatched region defines the conditions under which some degree of 
/ ( 
., 
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weld zone ~racking was observed. It will be seen that as for A387B this 
region is generally one of relatively low rupture ductility. Ductile 
failure in the base plate occurred both above and below this region of 
weld failure. 
Examination of the microstructure of "SSS-100" revealed an essentially 
tempered martensitic structure below 1200°F where spheroidization occurred. 
In all specimens, a considerable degree of plastic flow was found associated 
with the fracture surface. In this region the prior austenite grains were 
severely distorted and elongated. No grain boundary cracking was discovered 
in the base plate. Examination of those welded specimens subject to weld 
failure showed more plastic flow of the weld metal and heat-affected zone 
than was observed in A387B. In some instances, the weld metal was exten-
sively fissured, many of these cracks running into the heat-affected zone 
where they radiated along the grain boundaries. In most specimens, it 
was difficult to determine whether the failure crack was initiated in 
the heat-affected zone or in the weld metal. 
Figure 29A is a photomicrograph of a void which formed at a· titanium 
carbide inclusion in "SSS-100" steel. This specimen was tested at 1200°F 
and is, therefore, highly spheroidized. It may be seen that the inclusion 
has been fractured and that voids have formed on the surfaces transverse 
" to the applied tensile stress. A large number of these particles are 
scattered throughout the steel, ~ach onehaving a void associated with it. 
It" was found, however, that in "SSS-100" voids occur only in the 1200°F 
specimens and then only at the surface of the inclusions. Similar voids 
were observed in some sulfide inclusions as well . 
.i, 
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A387 Grade D 
It will be noted from the stress rupture curves of A387D (Figure 18) 
that this steel is the strongest of those tested over a considerable 
range of rupture times. Creep does not become important in this steel 
until about 900°F. No significant loss of rupture strength was apparent 
r: 
in the welded material. 
The isoductility plot of A387D presented in Figure 19 is quite 
similar to that of "SSS-100". In general, the ductility of this steel 
is good and appears generally to increase with temperature over the 
range of interest. There is a gradual drop in ductility as the rupture 
life increases. This loss is not marked and all specimens retain the 
ductile "cup-cone" fracture surface. As in "SSS-100", the ductility is 
excellent at 1200°F, attaining a maximum of 90%. A387D also exhibits 
the best oxidation resistance of the steels tested. Although considerable 
/ 
surface attack occurred in the other steels at 1200°F, A387D resisted 
severe scaling over the whole range of rupture liv-es. The rupture 
ductility behavior of welded A387D presented in Figure 21, is roughly 
similar to that observed in "SSS-100". Weld and heat-affected zone crack-
ing were observed at 1000°F and 1100°F accompanied by a moderate loss of 
ductility. Recovery of rupture ductility with a return of fracture to 
the base plate occurred at \200°F. 
Below 1200°F the microstructures of A387D and "SSS-100" are nearly 
identical. A387D) however, is more structurally stable and consequently 
showed considerable resistance to spheroidization at 1200°F_. A photo-
micrograph of A387D tested at 1200°F is presented in Figure 30B. It may 
be seen that although a considerable amount of plastic flow has occurred, 
the structure remains essentially tempered martensite. Tii.e elongated 
' ' 
\' 
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voiqs present in this micrograph are typical of· ductile materials and 
are quite different from the grain boundary voids conunonly observed in 
"T-1" steel at the same temperature (Figure 29F). Generally much less 
grain boundary attack at the surface of the 1200°F specimens was observed 
I for A387D but little difference could be noted from "SSS-100" in the 
appearance of the fracture surface. Those welded specimens which failed 
in the weld zone exhibited extensive weld and heat-affected zone cracking 
as well as a significant degree of weld zone ductility (Figure 31D). 
"T-1" 
The stress rupture data of "T-1" steel are tabulated in Table VII 
and presented graphically in Figure 22. These curves indicate that creep 
first becomes significant at about 800°F in this steel. "T-1" does not. 
have as good rupture strength as A387D but is considerably stronger than 
"T- lA". The rupture strength of this steel decreases appreciably, how-
ever, at higher temperatures. The stress-rupture curve at 1100°F'is 
quite steep indicating that significant changes in structure affecting 
the rupture strength occur in this temperature range. The composite 
welded material exhibits apprec(~Ty poorer ~~~11re strength than the 
"--......._ ,...-·- . 
~--------- ----base plate at all testing temperatures. This loss of rupture strength 
l is greatest at 1000°F and 1100°F. A comparison of the rupture properties 
(; 
of a synnnetrical A632 weld specimen and the symmetrical Ell018 weld speci-
men shows little difference between the two. At 1200°F the rupture 
.. strength of the welded composite more nearly matches that of the base 
plate than at lower temperatures. 
F~gure 23 is an isoductility plot of unwelded "T-1". It will be 
seen that the low ductility region in this steel is much more pronounced 
/_ 
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and extensive than in the steels described above. Ductility which is 
initially fairly good falls off rapidly as the rupture life increases. 
The lowe\t ductility observed was at 1000°F where a specimen failing in 
700 hours underwent a reduction of area of 3 percent. The relatively 
sharp ductile to brittle transition is shifted progressively to shorter 
I 
--rupture times as the temperature is raised. This effect is more clearly 
illustrated by the graphical representation of the ductility data in 
Figure 24. Arbitrarily defining "creep embrittlement" as failure with 
a reduction of area of less than 40%, embrittlement occurs in about 700 
hours at 900°F. At 1000°F embrittlement occurs in 80 hours and in only 
one hour at 1100°F. At 1100°F "T-1" shows a definite recovery from the 
'-... ,...._' 
embrittlement phenomenon. This recovery is much more pronounced at 1200°F 
where the ductility never dips below the embrittlement criterion. 
Generally those specimens which failed sooner than the embrittle-
ment transition exhibited a well defined "cup-cone" fracture surfac_e 
- - - - -
-
with substantial necking at the point of rupture. Embrittled specimens, 
however, exh~bited no localized necking or detectable shear lip. Speci-
mens failing in the recovery region showed a fracture surface much like 
that of the embrittled steel. Although the overall ductility was fairly 
good in the recovery region, it occurred uniformly along the reduced 
section of the bar rather than locally at the rupture point. It was 
also observed that embrittl.~d specimens frequently failed at one of the 
gage marks or at the change of specimen cross-section in the grips of 
the test apparatus. 
this report. 
Data from such specimens have not been included in 
---~..._~ 
The isoductilit~--- plot of "T-1" welded composite is presented in 
\ 
) Figure 25. Weld zone failure occurred over the broad range shown in 
•• ,l. ·-
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cross-hatching in the figure. This plot shows clearly that weld zone 
) failure is .. encountered as low as 700°F over fairly short rupture times 
'\; 
(less than 1000 hours). It will be seen that the rupture ductility of 
those specimens failing outside of the embrittlement region is approxi-
mately that of the .base plate. Rupture of these specimens occurred in 
a ductile manner well away from the weld zone. Two different modes of 
... 
failure in the weld seem to occur in the material welded with Ell018 
electrode. Short time weld zone failure generally took place by crack-
ing along the coarse grained heat-affected zone. In most instances, 
.----.. r· ,, ~ 
,-' ""'/ - / the failure crack appeared to initiate at the surface of the specimen 
and to follow a line roughly separating the heat-affected zone from the ~ 
weld metal until it reached the base of the weld. From this point the 
cracks ran through the base plate to the base of ·the opposite weld and 
from there along the heat-affected zone to the surface. The rupture 
surface of such failures looked as though the weld metal was literally 
pulled away from the base plate. The rupture ductility of specimens 
subject to this failure mode was extremely low. At longer testing times 
the composite had a different type of weld zone failure. This mode of 
failure is initiated by a crack starting in the weld metal perpendicular 
to the surface of the specimen which subsequently ran through the bar. 
Frequently heat-affected zone cracks were associated with this failure. 
In a few instances it was difficult to determine whether the primary 
crack was initiated in the heat-affected zone or in the weld metal. 
The asyi1nnetric A632 \·Jeld specimens always failed through the weld 
metal although some secondary heat-affected zone cracking was usually 
associated with the failure crack. On extended testing at 1100°F and 
at 1200°F the ductility of the welded composite was greatly increased 
. . 
.. 
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and rupture was transferred back to.the base plate. Due to severe 
scaling at the surface, it was difficult to ·determine whe·ther any weld 
zone cracking occurred, but it appears that in most cases it did not. 
For the synunetrically welded composite the following sequence of 
rupture modes occ'ur as the rupture life increases for a particular 
temperature. Failure is initially a ductile shear rupture in the· base 
plate. With a decrease in creep stress (increasing time) the rupture 
mechanism becomes intergranular fracture in the coarse grained heat-
affected zone. At still longer times brittle cracking of the weld 
metal initiates failure. Finally, those specimens tested in the re-
covery region fail by intergranular quasi-ductile rupture in the base 
plate. 
An extensive survey of the microstructure of "T-1" steel was under-
taken as it was the most subject to "creep embrittlement". No differ-
ence could be found between th.e.s.truc.tures of the embrittled and un-
embrittled specimens with the optical microscope. Inspection of the 
fracture surfaces, however, clearly showed that a radical change of 
rupture mode had occurred during embrittlement. Specimens failing 
with a rupture ductility greater than about 40% reduction of area 
formed the typical tensile shear lip accompanied by a considerable 
amount of plastic flow and grain distortion. Figure 29B shows the 
structure typical of "T-1" steel which fails by ductile transgranular 
fracture. Despite the absence of visible microstructural change in the 
embrittled material, the fracture was clearly intergranular. Little or 
no plastic flow of the grains and extensive grain boundary cracking near 
the fracture surface was characteristic of this rupture mechanism. In a 
"' .... 
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few specimens, obvious instances of grain boundary sliding and grain 
,,., 
~..11.-----.,._ 
rotation were seen (Figure 30C). The grain boundary cracks appeared to 
form transverse to the applied tensile stress although this is difficult 
to substantiate from a two dimensional perspective. Occasionally strings 
of what appeared to be precipitates were seen along the grain boundaries. 
Closer examination revealed that this phenomenon was in reality a series 
of small cavities or voids which apparently were in the process of growth 
and coelescence. A photomicrograph of an embrittled specimen of 0 T-1" 
steel taken near the fracture surface is presented in Figures 29C and A. 
Recovery of ductility in "T-1" was coincident 't'7ith the onset of 
spheroidization. However, \in SP.ite of the improved ductility in the 
'I 
recovery region, the fracture surface had much the same appearance as 
that of the brittle material. Secondary grain boundary cracking was not 
nearly so extensive but the failure crack clearly followed the grain 
. . . boundaries. Some grain elon·g·atio-n \vas evipent, but the extensive plastic 
flow associated with the pronounced necking in other steels was entirely 
absent. It was observed that recovered "T-1" steel showed a tendency to 
form isolated grain boundary voids often at a considerable distance away 
from the fracture surface {Figures 29E and F). 
Metallographic analysis ,showed that associated with heat-affected 
zone rupture was the formation of extensive intergranular cracking 
throughout the coarse grain zone (Figures 31H and I). These cracks fre-
quently extend entirely through the coarse grain zone ending in the weld 
metal and fine grain zone. Figure 31G shows some blunted cracks in "T-1" 
steel at 1000°F. Only occasionally do these cracks extend any distance 
into the weld metal. Where weld metal cracking took place the grain 
boundary cracking within the HAZ was not as extensive. The failure crack 
/ I 
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in both rupture modes appears to have initially begun at the surface of 
t-he specimen. Only in the fine gr.ain heat-affected zone was any grain 
deformation observed in association with weld zone failure. Although no 
grain boundary cracking was visible in the fine grain zone, it was ob-
. served that such cracking did occur in the base plate near the path of 
the failure crack through that portion of the composite. Composite 
specimens tested in the recovery region generally failed in the base ~ 
plate well away from the weld zone, although a few fine weld metal 
fissures were observed at 1100°F. At 1200°F the whole weld zone was 
spheroidized and was apparently more ductile than at lower temperatures 
as elongation along the reduced section of the bar was relatively uni-
form. A number of photomicrographs showing failures typical of weld 
zone rupture of "T-1" .are presented in Figure 29. · 
A203 
The stress--rupture propertie·s of this· steel are presented in 
Figure 26. A203 is not a strong steel, having only slightly better 
rupture strength than plain carbon steel. Further the rupture curved 
slopes more steeply than that of A212 .and after a few hundred hours of 
testing there is little difference in their strengths. 
A plot of rupture ductility versus rupture time is shown in 
Figure 27. It will be seen that although the ductility is initially 
good, it drops off rapidly at 1000°F. Thus although the strength of 
A203 is little better than A212 its rupture·ductility is significantly 
poorer. Unlike A212 which had nearly 100% reduction of area before 
rupture, little necking was associated with creep failure of A203. 
It should be noted, however, that the percent elongation of this material 
is unusually good despite the very low reduction of area. It will be 
J 
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-pointed out in the discussion that this behavior-is not incons.istent. 
A203 steel was not tested in the welded condition. 
A203 is so structurally unstable that one hour tempering treatment 
at 1150°F was sufficient to cause a decided spheroidization. Very short 
time specimens of A203 tested at 1000°F exhibited a moderate degree of 
plastic flow near the fracture surface, but within a few hours of test-
ing the fracture became predominately intergranular. The similarity of 
the -rupture surface to that of recovered "T-1" is quite striking. 
Moderate uniform grain elongation along the bar scattered void formation, 
and intergranular cracking adjacent to the fracture surface were character-
istic of this mode of rupture. 
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Discussion of Results 
A survey of the rupture data presented in this thesis suggests 
that these steels may be grouped in the following catagories according 
to their alloy content and rupture behavior. A212 may be considered 
for our purposes to be a plain carbon steel. "T-lA" and A387B are 
similar and may be looked upon as low chromium-molybdenum steels. 
"SSS-100" and A387D will be discussed as high chromium-molybdenum 
steels, "T-1" as a complex nickel-low chromium-molybdenum steel, and 
A203 as a plain nickel steel. 
Molybdenum appears to be the most effective strengthener of the 
three major alloy constituents. Molybdenum is known to be present at 
higher temperatures both in solid solution and as a series of fine 
carbides. Chromium acts as a moderate strengthener, but is most 
effective in stabiliztng ferrite and in improving oxidation resistance. 
Chromium is distributed in solid solution or as relativelylarge complex 
carbides. Nickel is the pqorest of the high temperature strengtheners 
and as an austenite stabilizer tends to promote spheroidization. 
From a phenomenological standpoint it appears that a plain carbon 
steel is not subject to creep embrittlement over the temperature range 
of interest. WhEJl molybdenum is added as the sole alloying element a 
time and temperature dependent range of intergranular fracture is en-
countered. Small additions of chromium have the beneficial effect of 
progressively reducing the degree of intergranular fracture while 
simultaneously increasing the rupture strength and structural stability. 
When added to low chromium-molybdenum steels nickel produces an especially 
severe creep embrittlement and expands the range· over which it occurs. 
Although the embrittlement associated with molybdenum disappears or is 
.., 
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over-shadowed by the spheroidization process, nickel continues to ad-
versely influence the rupture behavior after complete spheroidization. 
These observatiQ~S are in general agreement with those of other investi-
gators. 
The results show that a definite correlation exists between low 
ductility intergranular rupture of .the unwelded material and weld zone 
(especially coarregrain heat-affected zone) rupture of the welded 
composite. It has already been shown that the type of rupture encounter-
ed is strongly dependent upon the strain·rate, temperature of test and 
alloy content of the steel. It was also shown that at ~-p~rticular 
..... , _.,. 
testing temperature intergranular rupture was~encountered at shorter 
testing times in the composite specimens. It must be concluded that the 
welding process introduces a number of factors which have the overall 
effect of promoting brittle intergranular creep failure without markedly 
affecting the short time tensile··strength. No continuous grain boundary 
precipitate has been observed in any of the steels, although the coarse 
grain heat-affected zone was heated well above 2000°F during the welding 
process. At such high temperatures impurity diffusi~n is very rapid. 
It is to be expected that impurity atoms would segregate at the grain 
boundaries where they might a~1 to increase grain boundary sliding and 
crack initiation. It is also possible that large precipitates which 
i 
could act to inhibit boundary sliding could be dissolved at the high 
temperatures. Further, coarse grained material tends to be m.ore brittle 
above the equicohesive temperature. If these factors are taken into 
account, it is readily seen that at elevated temperatures the composite 
consists of a coarse grained zone with weakened grain boundaries sand-
' 
wiched between a stronger weld metal and a fine grained zone with normal 
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,/ grain boundary strength. All of the- above factors togetherre not 
sufficient to cause the observed fracture behavior; but if the matrix of 
the individual grains were to undergo a strengthening reaction whereby 
the grain strength were increased relative to that of the grain boundaries 
a complex stress pattern would occur which would concentrate the strain 
damage at the gr·ain boundaries of the coarse grained zone. The result 
would be void formation and intergranular fracture with extremely low 
rupture ductility. Close correspondence between the embrittlement region 
observed in the unwelded material and the region of HAZ fracture· in the 
composite is a good indication that a matrix strengthening process is 
responsible for this phenomenon. The fact that embrittlement of the 
heat-affected zone is encountered at lower temperatures than in the base 
plate can be explained on the bas~s of the complex stress system, coarse 
grain size and preferential boundary segregation which make this region 
more sensitive to intergranular rupture. 
Apparently the Ell018 weld metal begins to lose its strength by 
gradual spheroidization in the range of interest thus injecting the 
complication that under certain circumstances fracture can be initiated 
in the weld metal. This behavior would explain the transition from HAZ 
to weld metal fracture in "T-1" and the occurrance of only weld metal 
.... 
rupture in A387B, "SSS-100" and A387D. At 1200°F the weld metal becomes 
quite soft and thus offers no restraint to uniform elongation of the entire 
spheroidized composite. 
A careful analysis of the rupture data reveals that the breaks occur-
ring in the stress rupture curves of the unwelded steels often correlate 
quite closely to the transition from shear to intergranular fracture. As 
was mentioned in the results, no visible structural change could be found 
" ' 
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to explain this transition of rupture mode and change of slope. A 
second series of curve breaks, however, was found to correspond to the 
\j( 
onset of spheroidization and the return of rupture ductility. Breaks 
in the stress-rupture curves of the welded composite correspond roughly 
to the transition from base plate to weld zone fracture. 
'/ 
·"{, 
The apparent dependence of the embrittlement phenomenon upon the 
testing temperature and rupture life suggests that this process is a 
diffusion contrdled one and may be expressed in terms of the conver1tional 
Arrhenius rate equation from which an activation energy for the reaction 
can be obtained. The rate equation may be expressed as follows: 
where 
p = Ae-Q/RT 
P = property studied 
A= constant 
Q = activation energy (cal/mole) 
R = ideal gas constant 
T = absolute temperature (°K) 
Assuming that the creep embrittlement is controlled by the diffusion 
of some element through the ferrite matrix this equation may be evaluated 
in terms of the time to embrittlement. It must be further assumed that 
on~y one embrittlement mechanism is operativ~. The property Pis defined 
as the rupture life required to give a total reduction of area of 40%. 
This value which was defined in the presentation of results as the criterion 
of embrittlement was determined for all testing temperatures. A plot of 
the natural log of Pas a function of l/T°K is shown in Figure 28 for 
"T-1" and A387B. If this rate equation expresses the embrittlement process 
a straight line plot should be obtained the slope of which given the activa-
tion energy Q of the process. From Figure 29 a value of 66,700 cal/mole 
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for the embrittlement of "T-1" and 62,600 cal/mole for A387B were 
' obtained. Although the. Arrhenius plot and activation energies obtained 
offer further evidence that the process is diffusion controlled, it is 
not possible from these results to pinpoint the specific diffusing 
element. Published data for the aiffusion of nickel, chromium and 
molybdenum in ferrite and the self diffusion of iron at the temperature 
of interest yield values comparable to those obtained. for the creep 
embrittlement of steels within the probably limits of experimental 
error. 
From the foregoing discussion, it would seem that a time and 
temperature dependent diffusion process controls the creep embrittle-
ment of low alloy steels. It is probable that the transition to inter-
V granular fracture is governed by the initiation of grain boundary slid-
ing which in turn is dependent upon the rate of self diffusion of the 
iron. The differences in rupture properties of the various steels, 
however, indicates that grain boundary sliding alone is not responsible 
for the poor rupture ductility in the embrittled region and that an in-
dependent strengthening process must occur. This strengthening process 
must be a matrix precipitation or strain aging which strengthens the \ 
grains relative to the grain boundaries preventing an acconnnodation of 
strain across the boundaries resulting from intergranular sliding. Void 
formation and cracking would result when the resulting stress concentra-
tions reached a critical value. Quasiductile rupture of spheroidized 
"T-1" and A203 might then be pictured as the continued operation of'· the 
strengthening and boundary sliding mechanisms within a recovered ductile 
ferrite. The. effect of chromium in reducing the severity of embrittle-
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ment is not clear f~om the mechanism proposed. It is·· pos·sible that the 
chromium acts to tie up carbon in the form of a less deleterious carbide 
than would be formed by molybdenum. 
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Conclusions 
Results of the experimental work appear to justify the following 
conclusions. 
·, 
: 1-
1. Plain carbon steel fails by a ductile shear mechanism in the 
creep test over a range of rupture life up to 4000 hours to 
temperatures in excess of 1000°F. 
2. Molybdenum and nickei in low alloy steels tend to promote a 
loss of creep ductility during short time testing below 1000°F. 
3. Chromium when present in low alloy steels has the effect of 
minimizing the embrittling action of molybdenum. 
4. Loss of rupture ductility in low alloy steels is frequently 
associated with grain boundary sliding, void formation and 
intergranular failure. 
5. Creep embrittlement is controlled by a time and temperature 
dependent mechanism which is satisfied by the Arrhenius rate 
equation. 
6. Intergranular rupture may, in part, be due to an intragranular 
strengthening mechanism which inhibits plastic acconnnodation 
across sliding grain boundaries. 
7. Recovery of ductility is caused by spheroidization resulting 
in some steels in the disappearance of intergranular fracture. 
8. Heat-affected zone cracking of welded steels is a creep 
phenomenon intimately associated with poor ductility and 
intergranular failure of these steels. 
9. Weld zone failure of embrittled steels is encountered at some-
what lower temperatures than embrittlement of the base plate . 
.. 
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Table I 
Chemical Composition of the Steels Tested 
% Element 
Steel C 
-
Mn 
-
p s Si 
-
Ni Cr 
-
Mo 
-
V 
-
A212B 0.26 0.70 0.010 0.024 0.23 
-- -- -- --
"T- lA" 0.17 0.86 0.011 0.016 0.23 0.03 0.46 0.19 0.04 A387B 0.17 0.58 0.011 0.019 0.23 
-- 0.96 0.56 
--
"SSS-100" 0 .15 0.65 N.A. N.A. 0.28 1.76 0.50 --
--A387D 0.0~ 0.44 0.013 0.011 0.25 
-- 2.18 0.96 
--
"T-1" 0.18 0.85 0.008 0.017 0.25 0.85 0.48 0.50 0.04 A203 0.15 0.64 0.010 0.026 0.22 3.64 0.05 0.05 0.02 Ell018 0.15 0.75 0.015 0.021 0.25 0.60 0.15 0.11 0.004 ,_ Electrode 
Heat Treatments 
Austenitizing Tempering 
Steel Temperature °F Temperature 
A212B 1650 1150 
"T- lA" Mill Quench Mill Temper 
A387B 1675 1150 
"SSS-100" Mill Quench-Oil Mill Temper 
A387D 1700 1150 
"T-1" Mill Quench Mill Temper-1260 
A203 
· 1650 1150 
r 
Ti Cu 
- -
-- --
0.016 0.03 
-- --
0.072 
--
-- --
0.003 0.27 
0.006 0.03 
0.005 
--
.... 
Welding 
Electrode 
E7016 
--
Ell018 
Ell018 
El1018 
Ell018 and A632 
--
.! 
B 
--
0.0025 
--
0.002 
--
0.004 
--
--
'\. 
.. 
,._\: 
w 
w 
~ 
·:i 
-i··~ 
1. 1·: 
~ i 
-~ ·~. 
.•. ,. 
::: 1:-
i 
0.- .... , •• , .. wtu•,..~··-···· •'' 
·•·. 
I 
Temp.{°F) 
700 
800 
900 
1000 
34 ,· :. 
Table II 
Rupture Properties of A212 Grade ~~el 
Stress 
(psi) 
60,000 
55,000 
50,000 
45,000 
40,000 
50,000 
45,000 
40,000 
37,500 
35,000 
30,000 
25,000 
40,000 
35,000 
32,500 
30,000 
25,000 
20,000 
15,000 
25,000 
20,000 
17 ·' 500 
15,000 
12,500 
10,000 
.............. Base··· Plate 
Rupture Time 
(hrs) 
4.9 
21.2 
367.7 
503.7 
1808.8 
1.1 
3.5 
10.2 
45.1 
105.7 
908.8 
4152 .4 
0.5 
2.2 
5 .4 
13.8 
45.6 
293.5 
1810.1 
1.6 
5.0 
21.7 
65.0 
220.4 
374.9 
Elongation 
(%) 
Reduction of 
Area (%) 
49 83.0 
42 81.4 
45 \ 82. 5 43 .............. ,.,.•, ... · .. · · · · 79. 1 .. ,. ''·' 
64 80.6 
40 
58 
46 
61 
74 
32 
45 
46 
43 
54 
57 
38 
72 
71 
70 
35 
67 
70 
77 
62 
84.5 
84. 6 
83.4 
85.5 
86.7 
82.8 
80.2 
86.2 
85.5 
87.4 
88.3 
86.2 
89.9 
90.0 
83.0 
88.1 
92.1 
92.5 
92.7 
90.8 
-~r 
I .. 
Temp. (°F) 
700 
800 
900 
1000 
""" 
'~· 
' .. 
·., 
Stress 
(psi) 
55,000 
50,000 
45,000 
40,000 
35,000 
30,000 
25,000 
20,000 
20,000 
15,000 
12,000 
10,000 
.. 
t· 
Welded 
"' 
"'· ·, 
.. 
· ... 
... · .. :,. 
Table II cont ·':d 
Composite 
- E7016 
Rupture Time 
(hrs) 
4.3 
25.6 
183.3 
17.0 
77.7 
3.6 
26.7 
160.0 
4.8 
43.7 
172.7 
502.7 
• . 
Lio "' 
.~ 
Electrode 
Elongation 
(%) 
30 
33 
24 
39 
36 
43 
44 
55 · 1 
I 
' 
45 
47 
62 
) 70 
""' 
.35 
Location of 
Fracture 
J 
Base Plate 
" 
" 
,. 
.. 
. , ' 
if 
... 
u 
'·'· 
" 
'' 
• 
_. ..... .,.., ..... ,~,,~- -- ...• 
- f 
~ I 
1, 
i; 
ii 
·~··-----·--·····-----.! 
·-·-··"'· -, ............. ·----:···---~····.•; 
, ........ ~ ...... , 
36 • 
" ··I ·.:.. 1, 
Table III 
.-~ 
Rupture Properties of USS "T- lA" Steel 
Base Plate 
'' 
Stress 
' ' 
Rupture Time Elongation Red~tion of 
Temp. (°F) (psi) (hrs) (%) Area(%) 
900 70,000 1.8 17 76 
60,000 39.7 20 80 
50,000 273.2. 22.5 ,72 
1000 · 55,000 3.7 24 82 
50,000 8.1 28 86 
45,000 17.4 29 85 
40,000 74.5 33 78 
40,000 135.6 32 79 
.;- 35,000 112.0 14 70 
30,000 301. 7 26 70 
25,000 453.1 13 56 
20,000 844.0 18 68 
.,. 
1100 30,000 11.3 47 88 
25,000 17.8 41 88 
20,000 35.9 ) 50 92 
15,000 167.0 72 92 
12,000 511. 2 106 94 
:-· 
'\. 
.. 
7 
..... ·-·· ........................ ,;, 
Temp.(°F) 
900 ·- • 
' 
. .. 
. "I'" 
1000~ 
1100 
·J 
... 
-~ 
• 
) . 
.. , 
;f 
Table IV 
Rupture Properties of A387 Grade B Steel 
Base Plate 
Stress Rupture Time Elongation 
(psi) (hrs) (%) 
90,000 '· 3.5 20 
87,500 17.8 18 
85,000 100.8 18 
82,500 368.8 18 
,80, 000 565.4 19 
70,000 3049.2 22 
65,000* 3880.3 16 
.. 75,000 1.4 19 
70,000 9.8 24 
65,000 27.1 20 
60,000 45.1 17 
55,000 108.2 29 
50,000 197.4 21 
45,000 297.7 20 
40,000 330.0 13 
35,000 1218.8 6 
30,000 1721.8 27 
28,500* 2353.9 34 
45,000 1.3 45 
40,000 3.5 41 
35,000 8.4 55 
30,000 ;_. 21.2 51 
25,000 67.7 37 
20,000 176.0 45 
15,000 397.3 37 
15,000 578.3 32 
* Tests performed at American _o11 Company 
• 
J ~~' . 
, ..... 
37 
Reduction of 
Area (%) 
--·--..... 
70.1 \ ' \\ 69.4 ' · it 
71.0 ' ~-
65.1 ,/ 
67. 9 
40.7 
34.0 
I 
77 .5 -..... I 
74.5 
74.0 ,. 
62.2 
60. 7 • 
40.0 
47 .8 
46.2 
27 .5 
58.4 
49.0 
86 .1 
87. 3 
86.8 
83.3 
66 .1 
72.7 
77 .2 
73. 7 
.~ 
Temp. (°F) 
900 
1000 
1100 
. r-· 
Welded 
Stress 
(psi) 
90,000 
87,500 
85,000 
82,500 
70,000 
70,000 
65,000 
60,000 
55,000 
50,000 
40,000 
35,000 
30,000 
25,000 
20,000 
15,000 
''.Jla: 
Table IV cont'd 
Composite - E11018 Electrode 
Rupture Time Elongation 
(hrs.) (%) 
1.6 12 
49.4 19 
24.4 8 
86.4 18 
2.0 22 
4.9 27 
31.8 16 
37. 6 9 
176. 2 7 
134. 8 17 
9.0 26 
12. 3 28 
23.7 33 
129. 5 
--
.l5 l. 7 29 
604.4 37 
' 
... 
,. 
38 
Location. of 
Fracture 
Weld Metal (Defect) 
Base Plate 
Base Plate 
Base Plate--
HAZ Crack 
Base Plate 
Base Plate 
Base Plate 
RAZ 
Weld :t-ietal-HAZ 
Base Plate-HAZ 
Crack 
Base Plate 
Base Plate 
Base Plate 
Base Plate 
Base Plate 
Base Plate 
·.L 
·,,·. 
I· 
i { 
.. ' '. ' 
·-·---
I 
,f 
Rupture Properties ( 
Sttess 
Temp.(°F) (psi) 
.. 
800 97,000* 
94,000* 
92 000* 
' 90,000* 
88,000* 
86,000* 
84,000* 
80,000* 
· 900 80,000* 
75,000* 
70,000* 
70,000* 
67,000* 
63,000* 
60,000* 
55,000* 
52,000* 
1000 60,000* 
55,000* 
50,000* 
45,000* 
40,000* 
35,000* 
31,000* 
28,000* 
23,000* 
" 
21,000* 
1100 45,000 
I 40,000·-, 
35,000 
30,000 
25,000 
20,000 
•... ·- .. 
1-. ... 1200 - .20,000 
17,500 
15,000 
12,000 
* Tests performed 
,-;T.,.i'I 
·.:1••Ji'., 
l . 
Table V 
of Armco "SSS-100" Steel 
Base Plate 
Rupture Time Elongation 
(hrs) (%) 
0.02 8 
... 1.3 8 
14.3 16 
39.4 12 
49.9 10 
339.0 13 
485.0 · 13 
4341. 0 18 
3.6 10 
30.3 10 
101.4 ~ 14 
124.0 12 
302.0 14 
518.0 15 
1213.0 14 
2055.0 14 
5166.0 18 
5.9 12 
32.3 17 
73.4 13 
200.0 23 
555.0 23 
942.0 28 
1865.0 25 
2484.0 20 
5352 .o 19 
6114.0 13 
1.4 18 
4.0 I 31 
20.9 23 
52.5 25 
59.6 37 
327.8 36 
4.3 · 49 
19.0 52 
26.~, 55 50.0 ·55 
at Armco Steel Company ·! 
39 
Reduction of 
Area(%) 
62.3 
58.1 
63.9 
63.9 
64.8 
64.5 
61.2 
66.2 
71.3 
70.7 p.,;,,~ .. 
'\ 
71.6 
68.3 
67.2 
72.6 
74.4 
69.2 
69.4 
70.0 
73 .. 4 
69.3 
68.8 
72.6 
66.8 
58.8 
54.2 
48.2 
49.6 
84.0 
85 .0 · 
.. 80.0 
79.2 
74.5 
65.0 
92.0 
93.0 
93.0 
92.0 
Table V cont'd 
·, .. 
Welded Composite - Ell018 , 
Stress Rupture Time 
Temp. ( 0 '.F) (psi) (hrs) 
900 75,000 33.7 
70,000 109.2 
65,000 . 84. 3 
1000 60,000 1.8 
55,000 8.1 
50,000 58.6 
~ 
45,000 121. 9 
40,000 137.6 
1100 40,000 2.5 
35,000 • 8.5 
30,000 17.0 
25,000 55.3 
20,000 145.5 
1200 15,000 24.5 
• 
-~ 
·-·· ·-
-
Electrode 
Elongation 
·(%) 
18 
19 
19 
20 
20 
24 
13 
7 
18 
13 ~ 
9 
7 
15 
3:3 
• .... 
' .. ,,.,. 
1 '" -. ·-
.~. 
·, 
40 
Location of 
Fracture 
Base Plate 
Base Plate 
Base Plate 
Base Plate 
Base Plate 
Base Plate-
Weld Crack 
HAZ-Weld Metal 
HAZ-Weld Metal 
HAZ-Weld Metal 
Weld Metal-
HAZ Crack 
Weld }1e tal-
HAZ Crack 
Weld :t-1e tal-
HAZ Crack 
We 1 d l-1e ta 1-
HAZ .Crack 
Weld Metal-
HAZ Crack 
4.• 
-------
r . 
. iv· 
f 
·' 
,. .,, 
!-: . 
-
-.. 
( 
Temp. (°F) 
900 
t,.· 
1000 
1100 
:, 
1200 
' .. 
Table VI 
Rupture Properties of A387 Grade D Steel 
Base Plate 
... 
Stress 
,(psi) 
102,000 
100,000 
97,500 
95,000 
90,000 
85,000 
80,000 
75,000 
70,000 
65,000 
60,000 
55,000. 
45,000. 
't-
50,000 
45,000 
40,000 
35,000 
30,000 
25,000 
20,000 
25,000 
20,oqo 
15,000 
12,000 
Rupture Time 
z· ... ·.· .. ... ~
(hrs) 
3.7 
88.5 
173.8 
199.3 
801.1 
0.6 
8.0 
29.3 
105 .1 
166.7 
220.4 
222.0 
299.5 
1.1 
6.1 
15. 3 
32. 2 
71.3 
164.0 
356 .1 
1.4 
13.2 
86.4 
142 .4 
.... 
Elongation 
(%) 
20 
21 
18 
21 
14 
--
18 
16 
23 
20 
24 
23 
13 
27 
22 ,, 
22 
28 
23 
17 
23 
31 
42 
42 
42 
41 
,Reduction of 
Area {%) 
69.7 
71. 0 
63.2 
64.5 
52.0 
72.0 
68.2 
65.2 
73.0 
65.0 
70.2 
72.5 
71.5 
83.5 
, 80.5 
78.5 
70.9 
67.5 
62.5 
55.5 
88.7 
88.0 
83:3 
89.5 
< 
. ... : .. 
i 
i 
I 
I 
) 
Temp. (°F) 
900 
1000 
t 
1100 
) 
1200 
:Iii 
. ' 
< 
Table VI cont'd 
Welded Composite - Ell018 Electrode 
Stress 
(psi) 
100,000 
97,500 
80,000 
75,000 
65,000 
55,000 
50,000 
45,000 
40,000 
.35,000 
30,000 
/ 
/ 
25,000 
~9,000 
,t-':_' 
Rupture Time 
(hrs) 
· .. 
4.6 
148.8 
1.7 
33.2 
51.2 
169.6 
1.0 
10.4 
5.2 
35.4 
93.7 
192 .1 
2.4 
• 
Elongation 
.... 
, 
(%) 
18 
17 
15 
6 
9 
8 
34 
17 
30 
21 
19 
15 
30 
42 
Location of 
Fracture 
Base Plate 
Base Plate 
Base Plate 
Weld Metal 
Base Plate 
Weld Metal 
Base Plate 
Base Plate 
Base Plate 
Weld Metal-
HAZ Crack 
Weld Metal-
HAZ Crack 
Weld Metal-
HAZ Crack 
Base Plate 
I 
',W·• 
,.,,t,,,,,·.r,r"· 43 
1·-·-.. -•.•· .. -.,.; .... ··-
,· .,: 
,, . 
Table VII 
Rupture Properties of USS "T-1" Stee 1 
\. 
Base Plate 
··-. 
Temp.(°F) Stress Rupture Time Elongation Reduction of 
(psi) . (hrs) (%) Area (%) 
700 101,600 1.0 16 58.7 
99,350 1220.5 17 56.0 
99,000 3460.0 17 56.4 
800 95,000 14.3 17 62.8 ~ 93,650 42.6 17 .. 60.5 
91,250 125.8 18 61.5 
91,250 252.6 18 61.1 
87,650 2312.2 15 57 .0 
·---
900 82,150 8.4 16 65.7 
81)000 50.1 17 61.5 
76,150 182.1 15 54.4 
77,650 533.0 17 59 .1 
70, 150 1925.5 5 15.0 
65,000 3243.9 3 . 13.1 
l.000 70,000 3.4 18 66.5 
67,500 I 4 .1 19 69.4 
I ' 65,000 9.6 18 68.0 
63,000 28.6 12 41. 3 
60,000 33.4 17 43.0 
63,000 46.2 12 34.7 
56,000 63.6 11 20.6 
52,500 135.6 6 13.0 
46,000 158.0 4 10.4 
40,000 586.2 3 8.0 
35,000 710.4 :3 2.9 
1100 45,000 0.8 . 17 56.0 
... -......... -.. 
45,000 2.6 ·21 41.1 
40,000 4.5 25 34.2 
., 35,000 8.6 p 12 24.0 
30,000 19.2 5 16.9 
25,000 41. 0 6 J 14.2 
20,000 103.8 12 10.2 
15,000 161. 2 11 13.1 
'."t ' ·-·, 
~- 12,000 . ' 330.0 31 19.0 
'l?'.OQ· 20,000 1 ·. 1 48 76.0 
15,000 5.1 28 52.5 
.,_ .. 
12,000 14 ·.~<P9 32 43.5 
10,000 25.0 50 47 .5 
8,000 81.6 47 49.2 
:/ 
Welded 
Stress 
Temp. (°F) (psi) 
700 87,500 
800 75,000 
1000 70,000 
65,000 
60,000 
55,000 
50,000 
45·,000 
40,000 
35,000 
35,000 
30,000 
25,000 
20,000 
1100· .\ 40,000 
35,000 
,.. 30,000 .. , . / ,. 
., 25,000 
20,000 
;, {" 
15,000 
15,000 
j · 15,000 
j 15,000 I 
l 10,000 
I 
i 
I 
I 
! 
,, 
•; . 
... 
h'..:. •• 
..,,_:·· 
I. 
... 
.J_-. 
.• 
... 
Table VII cont'd 
Composite - A632 Electrode 
Rupture Time Elongation 
(hrs) 
-
(%) 
1500* 
-
697.9 2 
0.2 14 
1.8 7 
3.8 6 
8.1 3 
10.2 5 
18.0 3 
65.5 3 
83.6 3 
45.4 ·4 
240.0 3 
389.0 3 \ 
503.7 2 
0. 6 · 8 
3.0 6 
2.3 4 
7.7 5 
45.8 5 
36.0 3 
65.2 11 
80.0 -
206.4 9 
489.9 31 
\/· 
., ... · 
:<\, 
·1';'' ~. • I• 
'44 
1··•,.' 
Location of 
Fracture 
-
Weld Metal 
r,':1 
,i,l;;<, Base Plate 
. ' 
HAZ 
Weld :t-1eta 1-
-HAZ Crack 
Weld Metal 
Weld Metal-
HAZ Crack 
Weld Metal-
HAZ Crack 
We 1 d :t-1e ta 1-
HAZ Crack 
w~ ld }1etal 
Weld Metal 
Weld Metal 
Weld }1etal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal-
HAZ Crack 
Weld Metal 
Weld }1etal.-
Weld }1etal 
Weld Metal 
Base Plate 
-
' '• 
~ .. . . 
,, 
:'jli •-.r 
:/ . · .. 
,. 
...... ' 
. . 
.. 
. . ". " .. '~ 
1, 
\ 
., 
.. 
,. 
.... 
• 
45 
Table VII cont'd 
-, 
. · Welded Composite - E11018 Electrode 
Stress Rupture Time Elongation Location of 
Temp. (°F) (psi) (hrs) (%) Fracture 
700 . 92,500 0.1 15 Base Plate ,. 
90,000 1700* ... 
-
800 90,000 f • 3 .4 16 Base Plate 
85,000~ 70.3 16 Base Plate 
80,000 380. 2- 5 HAZ 
·900 75,000 5.0 16 Base Plate-
HAZ Crack 
70,000 27.2 4 HAZ 
65,000 116.2 .) 3 HAZ 
60,000 240.9 4 HAZ ( 
. \ 55,000 221.0 3 HAZ I 
50,000 ti 893.5 3 Weld Metal 
1000 79,500 Tensile Specimen 18 Base Plate 
60,000 1.6 4 HAZ 
60,000 4.9 4 HAZ 
55,000 11.4 4 HAZ 
50,000 22.2 7 HAZ " 
45,000 29.2 2 HAZ 
35,000 120.1 3 HAZ 
30,000 394.0 3 HAZ ,1 
25,000 456.0 2 HAZ-Weld Metal 
Crack 
1100 70,500 Tensile S1pecimen 20 Base Plate-
.. 
HAZ Crack 
69,500 Tensile Specimen 16 HAZ 
30,000 4.8 6 . HAZ 
25,000 I 31.S· 5 HAZ H 
20,000 33.0 4 Weld Metal-HAZ ;. 
15,000 ( 81.6' 11 Weld Metal 
12,000 401.0 18 Weld Metal 
1200 12,000 8.0 39 Base Plate 
8, 000· 5.5.1 ' ' . 34 Weld Metal 
, 
. * Specimen did .not fracture I 
. " 
f . :l, . 
. !I ' ,._ . 
-~~ 
' .,....: ...... . . 
• ~ J1 ' .. . 
. 
'.. " . ~ ..... 
~-
. . 
. 
, .. 
"'61. 
'I 
46 
Table VIII 
,,. 
--._ 
Rupture Properties of A203 Steel 
Base Plate 
Stress Rupture Time Elongation Redu.ction of Temp. {°F) (psi) (hrs) (%) Area(%) 
1000 40,000 0.2 
- 54.5 35,000 0.8 
- 68.5 ,. 30,000 2.5 34 44.0 25,000 9.6 26 33.2 20,000 
. 19. 7 35 40.8 15,000 87.2 25 30.6 12,000 421. 9 46 28.6 10,000 1921. 9 23 25.9 
J 
I 
. 
'.. . ~.;-:'"".., 
,,i. 
.( 
.,,; 
·.• 
, . 
.... / 
'. 
Heat Affected Zone 
/ ' 
Weld Metal 
Base Plate 
I 
', 
, 
, .• -- -- ______ ._ -- - -:::::;...,;:;-;;:::-· - - . - - -- - - - - - ., . -
, ' 
o. Cc 
lO ·-
. o 
0 
', , ---, 
an • 
NO 
rt)·-
.o 
0 
N. 
lt)C 
C\J ·-
.c 
0 
Welded 
Specimen o. &no N·-
.o 
0 
------· ---
-----· - -
Conventional 
Specimen 
u 1.00 G.L--. ---
0.754 
..,_ ____________ 3.25 11 
• Fig. 1 Specimen Geo~etry 
...--0.31 11 Radius 
" 
-
_._, - - . ._ __ _ 
--~ 
~-
I. 
J 
.... 
igure 2 Te ting Equipment 
a) Front view of creep stands (after Robinson(l3)) 
Mechanical Advantage 100:1 
b) Front view of ere p st d 
M chanic 1 dv t g 9:1 
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